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ABSTRACT
A great need exists for new techniques for
machining glass. Electrical discharge machining has
proven very useful as a metal removal technique. A
method for using this technique with glass would be
highly beneficial. There are several obstacles which
tend to prohibit such use. Foremost is the requirement
that the EDM workpiece be a good electrical conductor,
a property which ordinary glass lacks.
Attempts were made to fabricate electronic
conducting glass. The most successful technique involved
coating the internal and external surfaces of porous
glass with conducting tin oxide. Minor success was
achieved in drilling this glass with an electrical
discharge machine tool.
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Chapter 1 - Introduction
I. Electrical Discharge Machining
Electrical discharge machining (EDM), also
known as electric metal cutting, electro-erosion machining,
and electro-spark machining, is a comparatively recently
developed metal removal technique. The metal workpiece
is eroded away by the action of a rapidly recurring series
of electric sparks formed between the workpiece and the
tool, which acts as an electrode of opposite polarity
from that of the workpiece. This sparking action takes
place in a dielectric fluid, such as hydrocarbon oil,
which causes a buildup of electric potential between the
electrodes, and an intensification of the spark. The
dielectric fluid also serves the function of flushing
away the eroded particles, therby preventing short-
circuiting from taking place between the electrodes.1*
Livshits2 describes the mechanics of the
electrical discharge machining process as follows:
Three conditions must be observed to ensure
high quality, efficient metal removal by this process:-
1) The electrical spark must be supplied to
the working area in pulses of short duration to insure
*Superscripts refer to references contained in Bibliography.
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accuracy, good surface finish, and avoidance of melted
layers.
2) The pulse must be confined to a small area
of the workpiece. If it covered a larger area, more
energy would be required for each pulse, and a less
satisfactory surface finish would result.
3) The pulses must be applied directly and
continuously, to ensure the desired work output.
EDM machines are designed to satisfy these
constraints.
The small diameter of the spark plus the fact
that there is only one discharge channel at a time
insures concentration of the energy. Because the discharge
ordinarily takes place along the shortest line connecting
tool to workpiece, an impression of the tool is formed
in the workpiece. Thus, a precise facsimile of opposite
convexity can be created with great ease even for the
most complex forms.
According to Livshits3 , the development of the
spark can be divided into two stages. In the first, or
low current stage, which occupies about .1 microsecond,
suspended particles in the dielectric are aligned by the
electrical fields into conducting bridges, allowing
current to pass. The resistance of this bridge decreases
with the passage of current. Eventually, the bridge is
destroyed and replaced by a low resistance ionized column,
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capable of passing high currents. This is the second
stage. A pulse of electrical energy passes to the workpiece
by means of the discharge channel. Energy is released to
the faces of the tool and the workpiece, and to the
dielectric fluid separating them.
Livshits describes the erosion process as
follows:
As the various stages of the discharge succeed
each other, metal particles are melted, evap-
orated, and removed. [The digcharge has a
temperature up to 10,0000 c3 ...The volume
and surface sources on the anode and cathode
produce molten pools of metal whilst some
metal evaporates from the surface. At the
same time, conditions are set up for the
removal of the molten layer, i.e. the gas
pressure rises in the vicinity of the discharge
column. When the pressure rise is sufficient
for metal removal the molten metal leaves the
pool and enters the liquid medium, where it
coagulates in the form of suspended particles.
The energy pulse supplied to any particle must
be sufficient to remove it from the working zone.5
There are many variables in the EDM process,
and a great deal of the present research in the field
is concerned with determining the optimal conditons
needed to achieve the desired rate of removal, surface
finish, power consumption, accuracy, tool-to-workpiece
wear ratio, and any other relevant considerations.
These varibles include tool material, dielectric material,
tool shape, energy per pulse, tool to work distance,
polarity of pulses, frequency of pulses, flow of dielectric,
vibration of tool, and many others.
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EDM possesses several distinct advantages over
conventional machining methods. The force exerted on the
workpiece is negligible, so that very weak structures can
be machined to final shape. It is simple to reproduce
accurately any surface, no matter how intricate. EDM's
greatest advantage lies in its ability to remove material
independent of the material's hardness. This is an
extremely useful attribute today with the abundance of
super-high strength metals which resist conventional
machining techniques.
There are several disadvantages to electrical
discharge machining. With the present technology, metal
removal rates are quite slow compared to other techniques.
The tool deteriorates during the process and must be
replaced frequently. EDM sometimes has an undesirable
metallurgical effect, as in the case of high alloy
materials which are resolutionized, leading to the
formation df surface cracks.6 Also, EDM equipment, power,
and labor costs are relativeley expensive. Only when
there exists a genuine need for its unique abilities can
the use of electrical discharge machining be economically
justified.
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II. The Need for New Techniques for Machining Glass
The unique properties of glass such as high
transparency, high strength-to-weight ratio, chemical
inertness, electrical resistivity, and ease with which
it can be fused to itself have helped make glass one of
the most useful engineering materials. However, because
of the difficulty in forming glass to the desired shape
with the required degreee of accuracy, severe limitations
exist regarding its use in many potential applications.
Evans? presents techniques for utilizing some
conventional metal machining methods, including grinding,
lapping, drilling, and sawing, in the shaping of glass.
The results do not always possess the required accuracy,
and several complications can arise, Kevern8 suggests
heating the glass to be worked to its melting point,
thereby enabling one to perform "almost every conceivable
metal machining operation...on glass." Another technique
involves the use of ultrasonics, with which one can drill,
thread, end mill, and dovetail at reasonable rates (e.g.,
a 3/8 inch diameter hole, 3/8 inch deep, in one minute )
with great precision.9
None of these methods is completely satisfactory
and there is a great need for new glass machining
techniques.
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III. The Use of EDM with Glass
Electrical discharge machining could conceivably
be of great value in the shaping of glass, if the technique
could be perfected to the degree with which it has been for
metals. Glass is particularly susceptible to the shock and
heat abuse-.resulting from the techniques described in the
previous section. EDM minimizes the possibility of damage
from these causes and provides a means for machining
intricate patterns with great accuracy and excellent
surface finishes.
There are great obstacles which must be surmounted
in order to use EDM on glass. Most important is the
requirement that the workpiece be an electrical conductor.
Ordinary glass is not. Another is the inherent structural
differences between metal and glass. These differences
result in varying responses to the stimulus of a series
of sudden electrical sparks. Whereas metal has a tendency
to conglomerate into small spheres and be projected away
from the site of the spark, glass appears, on the basis
of experimental observations, to have a tendency to slowly
melt, then reform in the solid state in its original
location, fused again to the larger mass.
The bulk of the experimental work done by this
author involved attempting to overcome the difficulties
presented by the low conductivity of glass. These efforts
are described in the chapters which follow.
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Chapter 2 - Experimental Work
I. Equipment
The experimental EDM work described herein was
performed using one of two machines. The first was a
commercial model known as the "Ultraelectric."' The
other was constructed by this author, and will be referred
to hereafter as the "Zadig" machine, out of respect to
its designer.
ULTRAELECTRIC
Manufactured by the Federici Scientific Company
of Milan, Italy, the Ultraelectric used was Model CER,
Series 3/T rc, Number 414. Specifications were as follows:
Frequency - 50 cps
Voltage - 220 volts
Power - 3000 watts.
The machine was located in the M.I.T. Materials Processing
Laboratory, Room 35-125.
A photograph of the machine is shown in Figure 1,
and a block diagram in Figure 2.
The main components of the device are: the pulse
generator, control circuitry, tool head, workpiece,
dielectric bath, pump, work support and positioning system.
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Figure 1. Photograph of Ultraelectric Machine.
Pulse generator, gap sensing circuitry, and operator
controls are contained in cabinet at right. Tool
head, work positioning mechanism, and dielectric
bath constitute structure at center. Dielectric
tank and pump are immediately left of this.
-14-~
Tool head
Tool s
Ultrasonic vibration
mechanism
Servo motor
~i1tjj
Workpiece
Spark gap sensing
circuit
Dielectric tank
and pump
Dielec-
tri c
bath
Figure 2. Block Diagram of Ultraelectric Machine.
Dashed lines show major electrical connections:
power to tool, workpiece, and servo motor.
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The pulse generator has one lead connected to the
tool and the other to the workpiece. It is equipped with
several switches so that the pulse current can be adjusted
to any one of twelve different levels. This permits the
use of large currents for initial roughing cuts, and small
currents for finishing cuts, when finer surface finishes are
required.
The control circuitry electronically senses the
distance between tool and workpiece. The operator determines
the desired distance by means of a manual control. To
maintain this distance at all times, the control circuitry
operates a servo motor located in the tool head, which raises
or lowers the tool as required.
The tool head also contains a mechanism for vibrating
the tool with an intensity determined by the setting of
a manual switch. These vibrations impart an ultrasonic
cutting action upon the workpiece, if the operator so
desires. The combination of EDM and ultrasonics makes
the Ultraelectric an efficient, versatile machine.
The dielectric used is kerosene. It is
circulated by a pump from a decanting tank, where erosion
particles can settle out, to the bath in which the work
is submersed.
The support clamps the work firmly in place.
The positioning mechanism permits highly accurate three-
dimensional movement of the workpiece relative to the tool.
-16-
One of the greatest problems encountered by this
author in this work involved the use of the Ultraelectric.
The machine was unreliable and unpredictable. Often it
would not operate at all. When it was operating, problems
still arose.
The machine often exhibited one type of behavior
which was particularly troublesome. Instead of the desired
sparking action, it would form a continuous electric arc
between tool and workpiece. Bes&des the fact that, under
these circumstances EDM action could not take place, the
situation created a safety hazard. The arc, unlike the
spark, developed continuous, intense heat, enough to ignite
the kerosene. This actually occurred once, but fortunately
there was only a momentary flash. This characteristic of
the Ultraelectric severely impeded the progress of this
study.
A possible explanation for this phenomenon is
that the gap separating the tool from the workpiece
becomes filled with conducting particles, or perhaps with
gas bubbles, which causes the spark to short circuit and
arc. An attempt was made to flush the gap area by directing
a high pressure flow of dielectric into this region, but
the problem persisted.
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ZADIG MACHINE
Zadig10 described the design of a small EDM
machine which this author constructed, incorporating some
modifications of the original design. A photograph of the
instrument is shown is Figure 3, and a schematic of the
circuitry in Figure 4.
This machine offered several advantages over the
Ultraelectric. It was very dependable, simple, and
entirely adequate for the small volume of machining
required in these experiments. Its greatest advantage was
the fact that it was manually operated. Spark gap was
controlled directly by the operator, rather than by a
servo motor controlled by a sensing circuit. This gave
the experimenter great flexibility. In addition, the
arcing problem encountered with the Ultraelectric machine
was not as severe with this device, although it did
occur.
Due to its rather crude construction, the
Zadig machine lacked rigidity, resulting in difficulty in
maintaining the desired tool to workpiece distance. Also,
the power supply was small in comparison to the Ultraelectric's,
resulting in a very slow machining rate.
Thus, each of the machines offered some advantages,
and both were used in most phases of the experimentation.
A more sophisticated machine combining the best features
-18-
Figure 3. Photograph of Zadig Machine.
At left is tool, support, and dielectric bath. DPDT
switch is in center. Electrical circuitry is at
right. Light bulbs are used as resistors. Extra
capacitor has been included to provide means df
varying circuit characteristics.
100 w
140 ohms
R3
2 amp
silicon
rectifier
100
300
100 w
140 ohms 110 vac
190 ohms
75 w
Figure 4. Schematic of Zadig Machine.
Powered by a 110 volt A.C. source, the rectifier converts the
alternating current to direct current. R1 and R2 limit this
current. Either can be disconnected to vary this current.
C1 is charged up, and charges C2 through R3, which determines
the period of the circuit. The spark is provided by the
discharge of C2. The double pole, double throw switch enables
the operator to reverse the polarity so that the workpiece is
charged negatively and the tool positively, the opposite of
the usual arrangement.
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Tool
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of both would have been very desirable.
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II. Preparation of Glass
THIN GLASS
Initial attempts at EDM'iing glass involved the
use of very thin sheets of ordinary glass as workpieces.
Normally EDM requires that the workpiece be an electrical
conductor, which ordinary glass is not. It was hoped that by
using thin glass, this restriction could be circumvented.
The dielectric constant of a substance determines its
ability to conduct an electrical spark- the greater its
constant, the better it conducts. The dielectric constants
of air, kerosene, and glass are approximately 1, 2, and 4
respectively.11,12 It was therefore presumed that if the
tool and an electrode of opposite polarity could be brought
together, separated only by a thin plate of glass, the
spark would pass through the glass just as it ordinarily
passes through kerosene. In passing through, it would
erode the glass in the same manner that it erodes metal.
Experimentation with this technique utilizing
both the Ultraelectric and Zadig machines wasaunsuccessful,
in that no spark passed between the electrodes through the
glass. Perhaps by increasing the potential applied to
the electrodesthe Ultraelectric produces a voltage of
approximately 220), or by using thinner glass (the glass
used here was .2 millimeters thidk), a spark could be
made to pass. Further testing in this area might yield
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some success, but because the technique would only be
of use with thin glass, the process would not solve the
more general problem of machining pieces of glass of
random dimensions.
CONDUCTINQ GLASS
Thus, it became necessary to find or create glass
that does conduct electricity with a conductivity approximating
that of common metals. Copper has a conductivity on the
order of 106 mho/cm,13 while that of ordinary glass is
on the order of 10-10 to 10-15 mho/cm.14 Some special
glasses have been fabricated with much greater conductivities.
An investigation was made of the availability and suitability
of these substances.
Numerous articles have been published regarding
the mechanism by which all glass conducts electricity15? 19
and special forms of glass possessing unusually high
conductivities. 20 ,21 Trap and Stevels2 2 discuss the family
of invert glasses, which possess the highest conductivities
of any mehtioned in the literature. The most conductive
glass they found had a molar ratio of 6 Fe304- 5 Al203-
2 Na20- 2.MnO, 16 mole per cent B203 and -s. prepared by
melting in an oxidizing atmosphere. Its conductivity at
500 C was 10--4 mho/cm. This approaches the conductivity of
metal. This unusual type of glass was not avAilable to
this author. It is probable that this glass could be
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shaped by EDM techniques. This would be a promising area
for further research.
The conductivity of glass is highly dependent
upon its temperature, according to the relation
log C = -( a + b/T )
where C is the electrical conductivity, T the absolute
temperature, and a and b constants. For example, the glass
previously mentioned has a conductivity of 10-*28 ohm/cm
at 1000 C as compared to 10--40 at 500 C, an increase of
approximately 30 per cent. Thus, by heating certain varieties
of glass to great enough temperatures, their conductivities
might be increased to the range where EDM is possible.
However, this would pose problems regarding melting and
decomposing of the glass, as well as of igniting the
dielectric fluid. For some glasses, though, this
temperature may be low enough for such a procedure to be
practical. This author did not pursue this area, but
again this is a good avenue for further research.
A very recent development in the field of
conducting glass is the discovery of the "Ovonic"
threshold switch, invented by Stanford R. Ovshinsky of
Energy Conversion Devices, Inc. The device consists
of a thin film of chalcogenide (containing oxygen, sulfur,
selenium, and tellurium) glass between two electrodes.
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The device exhibits high resistance, approximately 108 ohms,
below a certain threshold voltage. Above this voltage, the
resistance drops to about 6 ohms. This threshold voltage
can be varied by altering the design of the switch.2 3-27
Chalcogenide glass would thus appear to be very suitable
for EDM. The existence of this substance came to the
attention of this author too late to be included in
the experimentation, but studies in this area should be
pursued further.
POROUS GLASS
Porous glass, also known as "Thirsty" glass, is
a.96 per cent silica glass possessing a unique cellular
structure. This structure causes the glass to be highly
absorptive. It can absorb fluids in much the same fashion
as a sponge. Prepared by leaching out the unstable phase
of a two-phase glass structure, porous glass contains a
surface area of approximately 120 square meters per gram,
with an average pore radius of about 30 angstrom units.28
Because of these unusual properties, it was
theorized that perhaps porous glass could somehow be
made to conduct electricity by filling its cells with conducting
material, thus making possible the EDM'ing of this:type
of glass. Several methods of impregnating the glass in
this manner were attempted and are described below.
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Electrolyte impregnation:
Initial experimentation involved the use of
an electrolytic solution. The porous glass was first
activated to drive out the moisture contained within.
This was done by following Elmer and Nordberg's29 procedure
of heating the glass to 7504 F for one hour. In some cases
this treatment caused the glass to crack because of the
escaping steam. To avoid this, the glass was placed in
a vacuum before heating, to evaporate most of the moisture.
Once activated, the porous glass was soaked in
a saturated electrolyte solution. Several electrolytes
were tried, and best results were obtained using sodium
chloride. It was possible to observe the glass absorbing
the liquid to the limit of its capacity. At this time, the
glass was ready to be EDM'ed. It was necessary to do this
quickly, before the electrolyte could evaporate, because
the solid salt could not conduct electrical current.
Minor success was achieved using this technique.
The glass was able to conduct a rather weak spark, and small
depressions could be made in the surface. However, beyond
a machining depth of approximately 2 millimeters the glass
no longer attracted a spark from the tool. This behavior
could possibly be accounted for by the following explanation:
Initially, the glass responds to the discharge
in the same manner as metal does. However, the glass just
beneath the surface is heated enough by the spark to
-26-
evaporate the electrolyte solution contained in the cells.
After several sparks, a layer of glass with all the
electrolyte driven out insulates the work area from the
rest of the glass, so that further sparks cannot occur.
This seemed to indicate that a method of filling
the cells with a substance which could conduct electricity
even after being heated was required.
Carbon impregnation:
Carbon was the next choice for an impregnation
substance. It conducts electricity, even when melted.
Several techniques were attempted to fill the cells with
carbon.
The first method, a rather crude one, involved
exposing the porous glass to a smoke-filled atmosphere,
with the expectation that the carbon particles contained
in the smoke would enter the pores of the glass. In
actuality, the smoke particles did not penetrate the
outer surface of the glass, and the method was deemed
a failure.
Another approach was to soak activated porous
glass in kerosene, and then heat the glass so that
carbon would be deposited in the cells by the oxidation
of the kerosene. This technique was unsuccessful in that
the kerosene contained in the interior cells did not
oxidize.
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DAG Dispersant No. 38, a product of the Acheson
Colloids Company, is a colloidal dispersion of graphite
(carbon) in hydrogenated naphtha. Porous glass was soaked
in this substance with the belief that the carbon particles
would be absorbed by the glass along with the liquid
naphtha, and that the liquid could subsequently be
evaporated, leaving a carbon coating on the cells of the
glass. However, the graphite was not absorbed by the
glass, although the naphtha was. The colloidal particles
were presumably too large to enter the pores. Consequently,
this approach was abandoned.
Reick30 discusses a technique for coating
inorganic substances with carbon by exposing the surface to
hydrocarbon vapors at temperatures above 8000 C, or,
alternatively, phenolic resins at more reasonable
temperatures. The technique is complex and was not attempted
by this author for a variety of reasons. If the means
for performing this process had been available, it would
probably have been a highly satisfactory technique for
preparing porous glass for electrical discharge machining.
Metal impregnation:
The final and most successful approach to the
problem of making glass a good electrical conductor
involved impregnating the cells of porous glass with
metallic substances. It was theorized that if all the cells
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connected, either directly or through other cells, to the
outer surface of the piece of glass were filled with
conducting material, the glass would appear, from a macro
viewpoint, to be conducting electricity. Thus, a spark
could be formed in the usual manner between tool and
workpiece in the EDM process. Furthermore, it was expected
that, besides eroding in the conventional manner the
metal embedded in the cells, the EDM spark would also
vaporize the glass structure surrounding the metal and
eject the vaporized glass from the vicinity of the spark,
thus creating a hole in the glass-metal conglomerate.
The impregnated metal could later be removed, if necessary,
by chemical means. In this way, porous glass could be
EDM'ed in much the same fashion as metal.
The first method considered for impregnating the
thirsty glass with a metallic substance was suggested by
Schmidt and Charles 31 . In their article, a technique is
described in which the metal to be impregnated is heated to
its melting point, then forced under extremely high
pressure into evacuated porous glass. Private conversation
with Dr. Charles revealed several practical difficulties
withtthe method, particularly regarding the instability
of the glass-metal structure. Pressures required were
on the order of 40,000 psi. Equipment capable of producing
such pressure was not available to this author, and the
building or obtaining of same were beyond the means and
-29-
scope of this thesis, so the approach was abandoned.
The next technique attempted was first suggested
by Gomer 32 and later improved by Livesey, Lyford, and
Moore33 . It involved depositing a thin layer of electrically
conducting tin oxide on the surface of glass. Because of
the porosity of thirsty glass, it was theorized by this author
that, using these techniques, the internal and external
surfaces could be coated with tin oxide and the glass made
to behave as an electrical conductor throughout its volume,
rather than just on its outer surface.
Several methods were tried, and the most successful
procedure was found to be the following:
First, stannous chloride crystals (SnCl2 - 2H20)
of a volume approximately equal to that of the glass to
be treated are heated to melting. The porous glass is then
immersed in the liquid, and the gas and liquid heated over
a medium bunsen flame (under a hood, because of the noxious
chlorine fumes) until all the white gas is driven off.
After cooling the glass is ready to be machined.
Porous glass treated in this manner was found to
attract a spark from the EDM tool better than glass treated
by any method previously attempted by this author.
Results are described in the following chapter.
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Chapter 3 - Results and Conclusions
A photograph of a small hole drilled into a
piece of porous glass coated with tin oxide utilizing
the EDM technique is shown in Figure 5. The Ultraelectric
machine was used in this instance, with a graphite tool.
Copper tools produced similar results in other tests.
The hole is approximately 5 millimeters deep
and 5 millimeters in diameter. The drilling process Was
vergotedious because of the arcing phenomenon discussed
earlier. Every time the arcing occurred, the tool had to
be manually withdrawn from the work, a time-consuming
procedure. Eventually the danger of fire caused the
author to halt the drilling process. Had these problems
been eliminated, the hole could probably have been drilled
to an indefinite depth, as long as the volume being
drilled had been coated with tin oxide.
The hole in the piece of glass shown in the
figure is irregular, far from an accurate representation
of the square tool. The surface is rough and filled
with small cracks and sharp edges.. It is possible,
however, that by utilizing different tool materials, spark
energies, and other variable factors, the accuracy and
surface finish could have been improved.
-31-
Figure 5. Photograph of 5DM'ed Porous Glass.
Dark egg-shaped area is hole drilled with Ultraelectric
machine. Porous glass was coated with tin oxide
before drilling. Diameter of specimen is 14 mm.
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Thus, the feasibility of machining specially
treated glass by the EDM technique has been demonstrated,
although much improvement in the method would be required before
it could become of any practical value.
Other approaches have been discussed which the
author had attempted and discarded for a variety of
reasons. These include the use of: thin glass, presently
available conducting glasses, heated glass, electrolyte-
impregnated porous glass, and carbon-impregnated porous
glass.
Finally, other approaches have been mentioned
which appear to be very promising areas for further research
in the field. Specifically, these are the use of:
chalcogenide glass and other high-conducting glasses,
porous glass carbon-coated by exposure to phenolic resins,
and metal-impregnated porous glass. These methods would
in all probability yield results far superior to those
achieved with tin-oxide-coated porous glass.
There is a great need for further research and
investigation in the area of EDM'ing glass, and the
results would be of great value.
-33-
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